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304a Monday, February 4, 2013BACKGROUND: Cancer cells utilize aerobic glycolysis rather than oxidative
phosphorylation to generate most cellular ATP (Warburg phenomenon). In
non-transformed differentiated cells, the adenine nucleotide translocator
(ANT) catalyzes exchange of ATP for ADP across the mitochondrial inner
membrane. Bongkrekic acid (BA) and carboxyatractyloside (CATR) specifi-
cally inhibit ANT. Here, our AIM was to assess whether mitochondrial ATP
translocation in cancer cells depends on ANT.
METHODS: Mitochondrial membrane potential (DJ) was assessed by confo-
cal microscopy of tetramethylrhodamine methylester (TMRM) fluorescence.
Respiration by HepG2 and A549 cells was determined with a Seahorse XF24
Analyzer. RESULTS: In rat hepatocytes, respiratory inhibition by myxothiazol
(MYX) slightly decreased DJ, but subsequent oligomycin (OL), BA or CATR
collapsed DJ, indicating that mitochondrial hydrolysis of glycolytic (cytosolic)
ATP sustainsDJ. In HepG2 and A549 cells, MYX also slightly decreasedDJ,
and subsequent OL collapsed DJ. By contrast to hepatocytes, BA and CATR
added after MYX did not collapse DJ, whereas 2-deoxyglucose (2-DG),
a glycolytic inhibitor, added after MYX, MYXþBA and MYXþCATR did
collapse DJ. OL but not BA or CATR alone decreased respiration in both
cell lines, whereas BA and CATR inhibited hepatocyte respiration. ANT2 is
the predominant ANT isoform expressed in cancer cells, and 2-DG after MYX
in ANT2 knockdown cells depolarized mitochondria.
CONCLUSION: In cancer cells ANT is not the principal ATP transporter
responsible for mitochondrial uptake of glycolytic ATP from the cytosol.
Moreover, ANT2 deficiency does not alter uptake of glycolytic ATP into mito-
chondria. Warburg metabolism, therefore, appears to utilize an alternative
pathway for entry of ATP into mitochondria.
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Reduced nicotinamide adenine dinucleotide (NADH) is a key coenzyme
used in many metabolic pathways such as glycolysis and oxidative phosphor-
ylation in living cells. The intracellular fractions of free and enzyme-bound
NADH have been shown to be sensitive to mitochondrial activities of brain
tissues and cancer cells. In this contribution, we investigate the effects of
molecular crowding on the reaction kinetics of NADH and lactate dehydro-
genase (LDH) using two-photon, time-resolved fluorescence anisotropy.
Synthetic polymers (Ficoll-70) and proteins (bovine serum albumin, BSA,
and ovalbumin) were used as biomimetic crowding agents as compared with
homogeneous buffer. In addition, computer simulations coupled with reaction
kinetics were used to guide our experimental design and data interpretation.
The observed associate anisotropy of NADH-LDH mixture depends on both
the type and concentration of crowding agents. Complementary measurements
on intracellular NADH in C3H10T1/2 cells, under resting condition, were also
carried out. These non-invasive, time-resolved associated anisotropy results
elucidate the role of molecular crowding on NADH-LDH interactions in both
biomimetic environment and living cells. Our findings will ultimately help
establishing intracellular NADH as a natural biomarker for a myriad of bio-
chemical reactions as well as diagnostic tool for mitochondrial anomalies
(i.e., health).
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While fluorescence intensity-based metabolic imaging techniques have pro-
vided a useful means of monitoring cellular energetics, recent work has
demonstrated that fluorescence lifetime imaging (FLIM) provides additional
details into the subcellular trafficking of energy intermediates within the cell.
Specifically, FLIM can measure the reorganization of NADH within distinct
subcellular pools with change in the metabolic state induced by inhibitors,
uncouplers and substrate availability. Here, we compare NADH-intensity and
FLIM measurements of metabolism of cells grown as either monolayer culture
or 300-500 mm diameter multicell tumor spheroids in media under different
growth conditions. These measures are correlated with cellular respiration
monitored using an oxygen-sensitive electrodes to test the hypothesis that
NADH FLIM-based metabolic imaging more accurately measures the cellularmetabolic state of three-dimensional living tissue than intensity-based
measurements.
This work was supported by P20 RR016469 from the INBRE Program of the
National Center for Research Resources, and by NIH R15 GM085776.
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Genetically encoded optical biosensors become a tool of choice for quantita-
tive studies on distribution and concentration changes of ions and metabolites
in living cells. In systems biology, they are expected to provide multi-scale
analysis in space and time for an advanced understanding of both normal
and diseased physiological states. Here we develop and apply fluorescent
biosensors based on fluorescence resonance energy transfer (FRET) that are
able to monitor directly or indirectly the cellular energy state. Such geneti-
cally encoded FRET sensors allow quantitative analysis of changes in adeny-
late pools or activation of signaling pathways triggered by such changes. This
should yield new insight into the spatiotemporal organization of cellular
energy metabolism.
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Ubiquinol:Cytochrome c reductase (complex III) is an enzyme in the respira-
tory chain of mitochondria that serves as a critical link between ubiquinol-
generating enzymes and cytochrome c oxidase, the terminal enzyme in the
chain. During pathological conditions, it is implicated in the generation of
reactive oxygen species (ROS) and thus induction of oxidative stress. Herein,
a biophysically-detailed, thermodynamically-consistent model of complex III
in mammalian mitochondria is presented. The model incorporates all major
redox centers near the Qo- and Qi-site of the enzyme; includes the
pH-dependence of all redox mediated reactions; and ROS production at the
Qo-site. The model consists of distinct states characterized by the electron
distribution in the enzyme. within each state, sub-states that correspond to
various electron localizations exist in rapid equilibrium with each other. The
steady-state equation derived from the state model was parameterized using
five independent data sets. Model analysis suggests that the pH-dependence
on turnover is primarily due to the pKa’s of the heme bL and Rieske ISP.
Also, previously proposed kinetic scheme at the Qi-site where quinone only
binds to the reduced enzyme and quinol only binds to the oxidized enzyme
is shown to be thermodynamically infeasible. Moreover, the model is able to
reproduce the bi-stability phenomenon whereby different rates of ROS produc-
tion are maintained when the enzyme is differentially reduced while the overall
flux through the enzyme is the same. Integrating this model into existing mito-
chondrial respiration models would produce more realistic predictions and help
uncover the intricate relationship between ROS production and mitochondrial
bioenergetics.
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Reactive oxygen species (ROS) have been implicated in disorders ranging
from neurodegenerative diseases to diabetes to heart disease. In cardiac myo-
cytes mitochondria represent the predominant source of ROS, specifically
complexes I and III. The model presented here endeavors to explore and elu-
cidate the modulation of electron transport chain ROS production under state
3 versus state 4 respiration and the role of succinate as a substrate. A mech-
anistic complex III model was developed, driven by redox potential differ-
ences between adjacent redox centers. This model shows that ROS
production increases exponentially with membrane potential when in state
4. Because the mechanism of ROS production from complex I remains un-
known, a more general thermodynamic model was used to describe the influ-
ence of NADH/NADþ and ubiquinone/ubiquinol redox potentials on complex
I-derived ROS release. This release occurs in the presence of NADH and suc-
cinate, leading to a highly reduced ubiquinone pool, displaying the highest
ROS production flux in state 4. Overall, total ROS production is moderate
